For fixed extra U (1) gauge boson mass and gauge coupling we have shown that for any particular relic density within PLANCK bound there are in general two possible solutions of dark matter mass.
I. INTRODUCTION
Although Standard model (SM) has got tremendous success in describing various phenomena at the elementary particle level, but SM failed to account for two major experimental results, one related to the existence of dark matter (DM) [1] in the Universe and the other related to neutrino oscillation phenomena that requires neutrinos to be massive and requires significant mixings among different flavors of neutrinos. To accommodate neutrino masses and a viable dark matter candidate something beyond Standard Model is necessary. One such example is minimal extension of SM gauge group with extra U (1) X gauge symmetry.
Additional symmetries [2] either global or gauged are imposed which plays the role in guaranteeing the stability of dark matter candidate. There are several U (1) X gauge extended models with minimal extension to the standard model [3] [4] [5] . An important feature of these models is that in comparison to SM there is one extra neutral gauge boson. In general there could be mixing of the extra gauge boson with the SM Z boson [6] , which results in the modification of neutral current phenomena. Due to stringent constraints on such phenomena this mixing is supposed to be very very small if not zero. In the light of recent neutrino oscillation phenomena [7, 8] there is a proposition of presence of sterile neutrino apart from 3 active neutrinos. There are recent indications in the Fermilab experiment [9] about some non-zero mixing among active and sterile neutrinos with sterile neutrino mass in the eV scale [10] . On the other hand, in cosmology to explain the rotational curves of the heavy massive body inside the galaxies, one need to propose the presence of dark matter [11, 12] .
Dark matter relic density have been constrained from PlANCK experiment [13] .
Ω DM h 2 = 0.1200 ± 0.0012 (1) where Ω DM is the density parameter for dark matter and h = H 0 /(100 km s −1 Mpc −1 .
Recently CMS and ATLAS [14] [15] [16] collaboration at LHC has obtained stringent bound on the mass and gauge coupling associated with the extra U (1) gauge boson. In connection with these observational results, we have considered here an U (1) gauge extended model [17] , which contains dark matter fields and also can accommodate active-sterile neutrino masses and mixing . In this work taking into account LHC constraints on extra gauge boson mass and its gauge coupling as well as PLANCK constraints on relic density of dark matter and constraints on active and sterile neutrino masses and mixing from neutrino oscillation experiments, we have studied about the mass of dark matter.
the SM gauge group and the model can successfully explain active -sterile mixing and also there is scope of dark matter. We have discussed the interaction of right-handed Majorana field in the mass basis with extra gauge boson. We have shown the connections of the active -sterile neutrino mass and mixing with the mass difference parameter ∆ of dark matter with the next heavier right-handed Majorana fermion and their mixing angle θ. In section III, dark matter relic density has been studied, taking into account annihilation as well as co-annihilation of dark matter with next heavier right-handed Majorana fermion going into final states of SM fermion antifermion pair. In section IV we have shown the correlations of the dark matter mass m ψ 1 , gauge boson mass M X and the gauge coupling g X . We have also discussed the importance of future experiments at LHC in the context of extra gauge boson which could constrain the dark matter mass. In section V we have concluded our work.
II. THE MODEL
Here we have considered a model [17] which is an U (1) extension of SM, in which neutrino masses has been studied extensively and the mass of neutrinos has been connected to dark matter. The three active and one sterile neutrino masses as well as mixing between active-sterile neutrinos have been generated through one-loop. The model has four neutral
, S 1R and S 2R and it has been chosen so as to cancel all anomalies with each other. Let the mass eigenstates of these four Majorana fermions be ψ k with mass m ψ k .
The interaction basis
] could be written in terms of this mass basis ψ k as :
with j, k = 1, ..4 where Σ 0 1R and Σ 0 2R are SU (2) L triplets and do not couple to Z and S 1R and S 2R are singlets. One of the lightest among ψ k say, ψ 1 is a dark matter candidate in this model, which we assume that it mainly contains S 1R and S 2R . We consider ψ 2 as the next to lightest among these four mass eigenstates and the masses m ψ 1 and m ψ 2 are not far apart. The fermionic and the scalar particle content of the model are given in Table 1 and   Table 2 respectively.
Although there are several U (1) charges corresponding to different fields but using the anomaly cancellation equations all of them can be expressed in terms of the other two U (1)
Fermion fields in the model charges n 1 and n 4 , corresponding to quark doublet and lepton doublet respectively. Under Z 2 symmetry, odd and even fields are specified in the last column of the above tables. The relevant Yukawa Lagrangian part of the model is:
The first six terms are relevant for masses of Majorana fermions shown in Table 1 as the beyond Standard Model fields and also these terms are relevant for active sterile mixing of neutrinos at one loop level as discussed later. Last four Yukawa interactions are relevant for charged lepton mass generation and have not been discussed here.
We discuss in short the generation of mass of extra gauge boson X and its mixing with
Standard model neutral gauge boson Z. Let the vacuum expectation values (vev) of various
Although in general, there is Z − X mixing but it is expected to be very small so that electroweak precision measurements could be satisfied. The condition for no Z − X mixing between neutral electroweak gauge boson and extra U (1) X gauge boson is obtained for 
Later on, we consider this zero mixing condition in dark matter relic density calculation.
FIG. 1. One-loop active streile neutrino mixing [17] .
Apart from three light active neutrinos N R plays the role of fourth neutrino as sterile in this model. The active sterile neutrino mixing is possible because of interaction h
as shown in Figure 1 and non-diagonal mass matrix elements related to mixing in active sterile neutrino mass matrix is given by
where A is part of the loop integrals corresponding to figure 1 and we consider it to be about 10 −9 . Following [17] the active and sterile neutrino masses can be approximately given by
where B and C are some parts of loop integral and are taken to be of order 10 −9 . Based on recent global fit [18] of neutrino oscillation experiment with sterile neutrino in 3+1 scheme, the best fit values are: ∆m 
In considering interactions of extra gauge boson X with S 1R and S 2R in the mass basis of ψ k , we are considering for simplicity that Z ij mixing matrix elements has non-zero 1-2 block with mixing angle θ which is decoupled from 3-4 block. Then the interaction can be written as,
where i, j = 1, 2, g S 1R a = 5/8(3n 1 +n 4 )g X and g S 2R a = 1/8(3n 1 +n 4 )g X . Here g X is the gauge coupling for extra gauge boson and subscript a denotes that these are axial-vector couplings.
The mixing angle θ in the above expression is related to mixing elements of equation 7-9 as
where ∆ = (m ψ 2 − m ψ 1 )/m ψ 1 . Using 10 and taking the ratio of equations 7 and 9 one can write h
and also taking the ratio of equation 8 and 9 one can write
In these ratios although ∆ remains but dark matter mass m ψ 1 has gone away. Taking Based on inequalities in 13 and 14 the allowed region of θ and ∆ is shown in the figure 2 where we have choosen upper limit of ∆ to be 1 but it could be higher also. However, our later analysis on relic abundance will not show any difference for higher values of ∆ as r 12 and r 22 mentioned later in equation 27 will not change significantly.
From figure 2 higher values of ∆ above 0.4 is preferred to satisfy active and sterile neutrino masses and mixing. Even if we vary the couplings and the values of A, B and C to some extent but to satisfy the global fits on active-sterile mixing and the cosmological constraint on the sum of three active neutrino masses, we have checked that ∆ > 0.4 is preferred.
In section IV while analyzing the dark matter relic abundance constraint we have chosen appropriate ∆ and θ following figure 2.
III. DARK MATTER (ψ 1 ) RELIC DENSITY AND ANNIHILATION AND CO-ANNIHILATION CROSS-SECTIONS OF DARK MATTER
Relic density is obtained from the Boltzmann equation [21] governing the evolution of number density of the dark matter (DM) with the thermally averaged cross section for the process ψ 1 ψ 1 → ff . The Boltzman equation is written as:
where n ψ 1 is the number density and n eqb ψ 1 is thermal equillibrium number density of the DM particle. H is Hubble expansion rate of the universe and σv is the thermally averaged cross section for the process ψ 1 ψ 1 → ff and is given by [22] < σv >= 1 8m
where K 1 , K 2 are modified Bessel functions of first and second kind respectively. Here s is the centre of mass energy squared. The thermally averaged cross section can be expanded in powers of relative velocity of two dark matter particle to be scattered and is written as < σv >= a + bv 2 . Numerical solution of the above Boltzmann equation gives [23] 
where x f = m ψ 1 /T f , T f is the freeze-out temperature, g * is the number of relativistic degrees of freedom at the time of freeze out. x f can be find out from
We assume ψ 1 to be lighter than ψ 2 and it plays the role of dark matter. The lighter ψ 1 will be pair annihilated to standard model fermions and anti-fermions through the extra gauge boson mediator but not z boson as we are considering Z − X mixing to be zero. This pair annihilation has been considered above. However, it could also co-annihilate with ψ 2 .
Both annihilation and co-annihilation cross sections could control the relic abundance of the dark matter ψ 1 [24, 25] . To take into account co-annihilation we discuss the necessary modifications in the Boltzman equation below.
If the mass difference between ψ 1 and ψ 2 is very large, ψ 2 will be out of thermal equilibrium much earlier than ψ 1 and the co-annihilation will not play significant role in the evolution of the number density of ψ 1 . However, we consider the case where the mass difference may not to be too large. In that case, we consider the annihilation as well as co-annihilation channel in the coupled Boltzmann equation to find out the evolution of the number density of ψ 1 and hence find the relic density of dark matter. Using the formalism of Ref. [24] we can reduce the system of 2 Boltzmann equations governing number densities n 1 and n 2 of ψ 1 and ψ 2 respectively into one Boltzmann equation which governs the evolution of n = n 1 + n 2 in the early universe as given below:
where < σ ij v > is the thermally averaged scattering cross section for the process ψ i ψ j → ff .
This equation can be further simplified aṡ
where σ ef f is given as
Here x = m ψ 1 /T and ∆ i =
. Then ∆ 1 = 0 by definition. Later on, ∆ 2 is written as ∆. g i is the internal degrees of freedom of the interacting particles and g ef f is defined as
For comparison with the general WIMP formulas, we have Taylor expanded the thermally averaged cross-sections:
where a ef f and b ef f are given by
The phase space integration part for all the process of ψ i ψ j → ff are almost same for cross section calculation and the difference in the cross sections are mainly due to the strength of couplings g ij in which both the indices i, j runs from 1 to 2. Because of this we can write
Using this approximation σ ef f in equation 21 can be written in terms of σ 11 as
Here r 12 = (1 + ∆) 3/2 e −x∆ , r 22 = (1 + ∆) 3 e −2x∆ and ∆ = (m ψ 2 − m ψ 1 )/m ψ 1 and σ 11 is annihilation cross section of ψ 1 ψ 1 → ff and < σ 11 v > can be Taylor expanded in the form of a 11 + b 11 v 2 . For Majorana fermions g i = g j = 2 (Internal degrees of freedom) and from equation (11) the couplings involved in these annihilation and co-annihilation channels are;
modified as;
where
and x f can be obtained from Since the dark matter is Majorana in nature, its vector coupling with X boson is zero and it has only non-zero axial-vector coupling with X. The vector coupling g f v and axial-vector coupling g f a of the SM fermion fields with extra gauge boson are given in table III. These couplings are related to the chiral couplings [3] as follows;
where the chiral couplings L,R (f ) are g X times U (1) X charges corresponding to left and right-handed chiral fields as shown in table III. Following [26] the annihilation cross section of Majorana fermion to SM ff through S-channel mediated by X boson is given as , In figure 3 we have shown the allowed region of M X and m ψ 1 for above mentioned two values of ∆. In plotting the figure we have considered the constraint coming from relic abundance on dark matter from Planck 2017 Ωh 2 ∈ (0.1188, 0.1212) [13] and also have considered constraint on g X and M X given by ATLAS [14, 15] at LHC. We have also varied g X over the range 0.001 to 0.7 as considered by ATLAS. As seen for figure 3 
